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Conclusion. We conclude that a reduction in Kf is the majorEvolution of incipient nephropathy in type 2 diabetes mellitus.
determinant of a decline in GFR from an elevated toward aBackground. We examined the course of glomerular injury
normal range as nephropathy in type 2 diabetes advances fromin 12 Pima Indians with long-standing (.8 years) type 2 diabe-
an incipient to an overt stage.tes mellitus, normal serum creatinine, and microalbuminuria.
They were compared with a group of 10 Pima Indians in Ari-
zona with new-onset (,5 years) type 2 diabetes, normal renal
function, and normoalbuminuria (,30 mg albumin/g creatinine The development of sustained proteinuria is the majoron random urine specimens).
criterion for the diagnosis of diabetic nephropathy (DN).Methods. A combination of physiological and morphologi-
The dye-binding dipstick test most commonly used tocal techniques was used to evaluate glomerular function and
structure serially on two occasions separated by a 48-month detect proteinuria becomes positive when albuminuria
interval. Clearances of iothalamate and p-aminohippuric acid exceeds approximately 300 mg/24 hours [1, 2]. With the
were used to determine glomerular filtration rate (GFR) and use of more sensitive immunochemical assays, however,renal plasma flow, respectively. Afferent oncotic pressure was
the upper limit of urinary albumin excretion in healthydetermined by membrane osmometry. The single nephron ul-
populations is only about 30 mg/24 hours. The interven-trafiltration coefficient (Kf) was determined by morphometric
analysis of glomeruli and mathematical modeling. ing interval between this level and dipstick-positive albu-
Results. The urinary albumin-to-creatinine ratio (median 1 minuria (30 to 300 mg/24 hours) is known as “microal-
range) increased from 84 (28 to 415) to 260 (31 to 2232) mg/g buminuria” [1, 2]. Persistent microalbuminuria, whichbetween the two examinations (P 5 0.01), and 6 of 12 patients
may precede overt DN by several years, is defined as aadvanced from incipient (ratio 5 30 to 299 mg/g) to overt
stage of incipient DN [1, 2].nephropathy ($300 mg/g). A 17% decline in GFR between
the two examinations from 186 6 41 to 155 6 50 mL/min The notion that microalbuminuria represents a stage
(mean 6 SD; P 5 0.06) was accompanied by a 17% decline of incipient DN is based largely on a study of subjects
in renal plasma flow (P 5 0.003) and a 6% increase in plasma
with type 1 diabetes. The implied absence of overt glo-oncotic pressure (P 5 0.02). Computed glomerular hydraulic
merular injury is based on the findings of an elevatedpermeability was depressed by 13% below control values at
both examinations, a result of a widened basement membrane glomerular filtration rate (GFR) [3–5] and a dearth of
and a reduction in frequency of epithelial filtration slits. The those morphological changes that typify overt DN [6].
filtration surface area declined significantly, however, from Whether a period of microalbuminuria also presages DN
6.96 6 2.53 to 5.51 6 1.62 3 105 mm2 (P 5 0.01), a change
in type 2 diabetes has been more difficult to establish.that was accompanied by a significant decline in the number
In large part, this is because type 2 diabetes, at leastof mesangial cells (P 5 0.001), endothelial cells (P 5 0.038),
and podocytes (P 5 0.0005). These changes lowered single among Caucasian populations, is encountered during the
nephron Kf by 20% from 16.5 6 6.0 to 13.2 6 3.6 nL/(minutes 1 sixth through ninth decades, when diseases besides DN,
mm Hg) between the two examinations (P 5 0.02). Multiple such as hypertension and renovascular disease, can resultlinear regression analysis revealed that among the determi-
in albuminuria and depression of the GFR [7]. To cir-nants of GFR, only the change in single nephron Kf was related
cumvent the confounding effects of these other causesto the corresponding change in GFR.
of glomerular dysfunction in aging subjects, we studied
the course of GFR and the natural history of nephropa-
thy in the Pima Indians of Arizona, in whom type 2Key words: microalbuminuria, glomerular morphometry, filtration
dynamics, ultrafiltration coefficient, Pima Indians diabetes is common and occurs at a relatively young age
[8]. In this population, the onset of type 2 diabetes isReceived for publication September 22, 1999
associated with hyperfiltration that persists until the de-and in revised form February 23, 2000
Accepted for publication March 6, 2000 velopment of overt nephropathy [9]. Only after the de-
tection of persistent macroalbuminuria does the GFRÓ 2000 by the International Society of Nephrology
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decline progressively, passing through the normal range Protocol
to levels that are clearly depressed [9, 10]. An earlier The protocol was approved by the institutional review
morphometric analysis of glomerular structure in groups boards of the National Institutes of Health and of Stan-
of subjects with either microalbuminuria or macroalbu- ford University Medical Center and by the Gila River
minuria suggested that the lower GFR in the latter group Indian Community Tribal Council (Sacaton, AZ, USA).
was attributable to a fall in the glomerular ultrafiltration In the group with incipient nephropathy, an evaluation
coefficient (Kf) [11], with an estimated net pressure for of glomerular function was performed simultaneously,
ultrafiltration that was actually higher in overt than in both with the first biopsy (1992 or 1993) and then again
incipient nephropathy [9, 10]. approximately 48 months later with the second biopsy
To elucidate better the pathogenesis of a declining (1996 or 1997). Functional evaluation included the deter-
GFR as nephropathy evolves from the incipient to overt mination of GFR and renal plasma flow, which were
stage, we extended our longitudinal observations in a derived from urinary clearances of iothalamate and
subset of diabetic Pima Indians with microalbuminuria p-aminohippuric acid (PAH), respectively. A PAH ex-
who had undergone renal biopsy as a part of our original traction ratio of 0.85 was used for patients with GFR .
study [9, 11]. Physiological techniques were used to esti- 80 mL/min; a ratio of 0.70 was used for patients with
mate sequentially GFR and some of its hemodynamic GFR , 80. Also determined at each clearance study
determinants, and glomerular structure was reassessed by were the mean arterial pressure, the oncotic pressure of
repeating the renal biopsy after a further interval of 48 plasma, and the urinary albumin-to-creatinine ratio. The
months. Morphometric techniques were used to identify laboratory methods used for the aforementioned deter-
potential alterations over time in the structural determi- minations have been described in detail elsewhere [10].
nants of Kf. Our findings form the basis of this report.
Morphometric analysis
Renal biopsy was performed under ultrasound guid-METHODS
ance using a 14-gauge needle (Tru-cut; Baxter Healthcare
Patient population Corp., Deerfield, IL, USA). Biopsy cores were embed-
Between 1989 and 1994, 194 Pima Indians participated ded in Epon and sectioned serially at 2.5 mm intervals.
in a National Institutes of Health–sponsored, longitudi- Every fourth section was mounted, four sections to a
nal study of diabetic glomerular injury, known as the slide, and stained with toluidine blue so that the entire
“Diabetic Renal Disease Study” [9]. During the years core could be viewed at 10 mm intervals. An average of
1992 and 1993, a subset of the study population number- 92 sections was examined in each subject. Every other
ing 51 subjects underwent a renal biopsy. Among these, mounted section was photographed, and a series of prints
17 individuals were selected who manifested microal- (approximately 340) was prepared for use as photo-
buminuria [11]. In each case, a formal physiological eval- graphic maps of serial sections from each core. Only
uation of glomerular function was performed simultane- glomeruli contained entirely within the core and thus
ously with the biopsy. During 1996 and 1997, after an represented completely by serial profiles on the serial
interval of 48 months, we contacted these individuals sections were included in the analysis. An average of 19
and received permission from 14 to repeat both studies (range of 5 to 40) of these complete glomeruli at the
of glomerular function and an analysis of glomerular first biopsy and 23 (range 3 to 44) at the second biopsy
structure using glomeruli obtained by a second biopsy. were examined by light microscopy and categorized as
Adequate tissue for morphometric analysis was obtained sclerotic or “open.” Glomeruli were classified as sclerotic
in 12 individuals. These individuals are the subjects of if all sections exhibited a loss of capillary structure with
this report. solidification of the tuft. The prevalence of sclerotic glo-
A group of 10 Pima Indians with new-onset diabetes meruli was corrected for the tendency of sclerotic glo-
served as non-nephropathic controls. New-onset diabe- meruli, which are smaller than open glomeruli, to be in-
tes was defined as detection for the first time after 1989 cluded more often in biopsy cores [11]. Mean values for
of abnormal glucose tolerance during routine testing in the volumes of sclerotic and open glomeruli in each group
subjects who had a nondiabetic glucose tolerance test were used to calculate the correction factor for that group
within the preceding three years and no previous history based on the assumption that biopsy cores are cylinders
of diabetes. In each instance, a renal biopsy was performed of 800 mm diameter. The volumes of individual glomeruli
during 1992 or 1993 and was accompanied by a physiolog- in each subject were calculated from the areas of their mid-
ical evaluation of glomerular function. In addition to sections using the maximum planar area method [13];
normal values of serum creatinine concentration, each areas were determined using a computer-assisted mor-
control subject had a normal urinary albumin-to-creati- phometric unit (National Institutes of Health Image).
Midsections of three open glomeruli from each biopsynine ratio (,30 mg/g) at the time of biopsy.
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were re-embedded in Epon and thin sectioned for exami- glomerular tuft volume, VG: S 5 SV 3 VG. In these calcu-
lations, the effect of immersion fixation to decrease glo-nation by electron microscopy. Montage micrographs of
merular dimensions relative to their condition in situwhole profiles of each glomerulus (31600 to 32820)
was taken into account.were prepared for measurement of the filtration surface
The intrinsic hydraulic permeability k is estimateddensities of the peripheral capillary wall and of the per-
from the filtration slit frequency (FSF) and the basementimesangial glomerular basement membrane (GBM) as
membrane thickness (dbm) using the hydrodynamic modeldescribed by Osterby and Gundersen [14]. Glomerular
of viscous flow of Drumond and Deen [16]. In this model,basement membrane thickness was measured on five
the capillary wall consists of a large number of identicalhigher magnification electron micrographs (39400 to
structural units, each of which is based on a single filtra-311,280) from each glomerulus using the orthogonal
tion slit. The width of these structural units (W) is calcu-intercept method of Jensen, Gundersen, and Osterby
lated from FSF by:[15]. Volume densities of glomerular components were
determined by point counting on the montage micro-
graphs. Absolute values for the volumes and areas of W 5
2
p
3
1
FSFthe components of glomerular structure were then calcu-
lated by multiplying the appropriate densities by values where 2/p is a stereologic factor that accounts for the
for the average glomerular tuft volume. The average random angle of sectioning.
foot process width was determined on the higher power The capillary wall is considered to be a system of
micrographs by dividing the number of slits overlying resistances in series due to the endothelium, glomerular
the peripheral capillary basement membrane by the basement membrane, and the epithelial layer. The over-
length of the membrane in cross section, and then multi- all hydraulic permeability k is therefore:
plying byp/4 to correct for variation in the angle of sec-
tion relative to the long axis of the foot processes [11]. k 5 1 1ken 1
1
kbm
1
1
kep
2
21
The average number of podocytes per glomerulus was
determined using the method of Weibel [17]. The profile where ken, kbm, and kep are the hydraulic permeabilities of
density [NA(NEpi)] of the podocyte nuclei was first deter- the endothelium, basement membrane, and epithelium,
mined on the montage glomerular profiles from each respectively. Since some of the necessary structural pa-
subject. The volume fraction [Vv(NEpi)] of podocyte nuclei rameters have not been measured for the human glomer-
within the glomerulus was next determined by dividing ular capillary wall, corresponding values from the rat
the total nuclear area by the glomerular profile area, as have been substituted. These include the permeabilities
determined by point counting. The number of podocytes of the endothelium (ken, 2 3 1027 m/sec/Pa) and the slit
per glomerulus was then obtained by multiplying the diaphragm (ks, 7.9 3 1028 m/sec/Pa), the Darcy perme-
average glomerular volume by the numerical volume ability of the basement membrane (KD, 2.7 nm2), and the
density [Nv(EpiC)] of the podocytes calculated as follows: filtration slit diaphragm width (Ws, 41 nm). The latter has
been shown in our lab to be quite similar to the value in
NV(EpiC) 5
1
b !NA(NEpi)
3
VV(NEpi)
humans (36 6 4 nm, N 5 4), as would be expected from
the substantial homology between human and rat nephrin.
The permeability of the epithelial layer is calculatedwhere values for the shape constant b are calculated
using this formula:based on the assumption that podocyte nuclei have a
prolate spheroid shape [17, 18]. We have previously mea-
kep 5 es 3 ks 5
Ws
W
3 kssured the axial ratios of 15 podocyte nuclear cross-sec-
tions in microalbuminuric Pima Indians to establish a
value for b of 1.45 [11]. where es is the fraction of the basement membrane area
occupied by filtration slits, and Ws is the slit width (es 5
Calculation of the single nephron Ws/W). Permeability of the basement membrane (kbm) is
ultrafiltration coefficient calculated using equation 21 of Drumond and Deen [16].
The single nephron ultrafiltration coefficient (SNKf)
Statistical analysiswas estimated from structural data as the product of the
total filtration surface area (S) and the intrinsic hydraulic Depending on the distribution of findings, either a
permeability of the peripheral capillary wall (k): paired Student’s t-test or Wilcoxon signed ranks test was
used to examine the significance of differences betweenSNKf 5 S 3 k the serial studies of glomerular structure and function
The available filtration surface area is simply the product in the group with incipient nephropathy. The significance
of differences between either baseline or follow-up valuesof the filtration surface area density, SV, and the average
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Table 1. Glomerular function
Incipient nephropathy
Non-nephropathic controls Baseline 48 Month follow-up
Urinary albumin/creatinine mg/g 10 (1–25) 83 (28–304) 260 (31–2232)a
GFR mL/min 159648 186641 155650b
Renal plasma flow mL/min 8036223 9196139 7586148a
Filtration fraction % 19.762.5 20.263.5 21.664.3
Oncotic pressure mm Hg 24.162.3 23.261.5 24.762.2a
Mean arterial pressure mm Hg 9566 91611 95614b
Data are presented as median (range) or mean 6SD.
a P , 0.05 and b 0.05 , P , 0.1 vs. baseline
in incipient nephropathy and corresponding values in non- ceeded that at the first: 260 (31 to 2232) versus 83 (28
nephropathic controls was examined by an analysis of to 304) mg/g, respectively (P 5 0.01). We have reported
variance and Scheffe´’s test. The relationship in incipient previously that the average GFR was 123 6 22 mL/min
nephropathy between the percentage change in GFR over in a control group of nondiabetic Pima Indians, who
time and the corresponding change in various functional were age- and gender-matched to the study populations
or structural determinants of GFR was examined by multi- of the Diabetic Renal Disease Study [9]. GFR was sub-
ple linear regression, using the forward procedure (SPSS stantially higher in both the non-nephropathic group
Base 8.0; SPSS, Inc., Chicago, IL, USA). Results are ex- with type 2 diabetes of recent onset and in the group with
pressed as the mean 6 SD or median (range). incipient nephropathy at the time of their first biopsy
examinations. Repeat determination in the latter group
after a four-year interval (right column, Table 1) re-RESULTS
vealed a trend to a declining GFR from 186 6 41 toClinical features
155 6 50 mL/min (P 5 0.06). Even so, the GFR at theThe timing of the first biopsy and accompanying physi-
time of the second biopsy, corresponding to a four- toological studies corresponded to a duration of diabetes
eight-year interval after first detection of incipient (mi-of 3 6 2 years in the non-nephropathic controls and 12 6
croalbuminuric) nephropathy, remained elevated above5 years in the microalbuminuric study group. The mean
usual nondiabetic values to a level similar to that ob-age (40 6 13 vs. 38 6 8 years) and weight (90 6 13 vs.
served in the non-nephropathic controls.92 6 21 kg, respectively) at the time of first biopsy were
The rate of renal plasma flow was also elevated com-similar. Judged by hemoglobin A1C (HbA1C) concentra-
pared with nondiabetic Pima Indians (729 6 150 mL/min)tions of 9 6 3% and 10 6 2%, respectively, the level of
[9], whereas the filtration fraction, afferent oncotic pres-chronic glycemia was also similar in the two groups.
The HbA1C level in the incipient nephropathy group at sure, and mean arterial pressure were within the normal
follow-up was 11 6 2%, a value not statistically different range. These values were similar between the incipient
from the baseline value. No microalbuminuric patient nephropathy group at baseline and the non-nephropathic
was on an angiotensin-converting enzyme (ACE) inhibi- controls (Table 1). With the passage of four years, renal
tor at the time of the baseline study (one patient was plasma flow in the incipient nephropathy group declined
receiving another antihypertensive medication); 4 of 12 significantly from a level that was markedly elevated to
patients were receiving ACE inhibitors at the time of one that was only moderately elevated (919 6 139 to
the follow-up biopsy four years later (none was receiving 758 6 148 mL/min, respectively, P 5 0.003). Although it
another antihypertensive medication). remained within the normal range at both examinations,
afferent oncotic pressure also changed significantly, in-Glomerular dynamics
creasing from 23.2 6 1.5 to 24.7 6 2.2 mm Hg (P 5Values for GFR and some of its hemodynamic deter-
0.02). Together, a lower renal plasma flow and higherminants are summarized in Table 1. The urinary albu-
afferent oncotic pressure are predicted to increase glo-min-to-creatinine ratios at the time of the first biopsy
merular intracapillary oncotic pressure, the force thatremained within or close to the microalbuminuric range
opposes the formation of glomerular filtrate [19]. On thein the subjects with incipient nephropathy (middle col-
other hand, there was a trend for mean arterial pressureumn). At the time of the second biopsy in 1997, the ratio
to increase over time from 91 6 11 to 95 6 14 mm Hghad increased into the macroalbuminuric range (.300
(P 5 0.08), a change that would serve to enhance ultrafil-mg/g) in 6 of the 12 individuals. The median albumin-
to-creatinine ratio at the second biopsy significantly ex- tration pressure and hence increase the GFR.
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Table 2. Glomerular structure
Incipient nephropathy
Non-nephropathic controls Baseline 48 month follow-up
Global sclerosis % 2.5 (3.5) 4.0 (5.0) 8.2 (9.2)
Glomerular volume lm3 3 106 5.42 (1.01) 7.81 (2.35)a 7.54 (2.38)b
Fractional mesangial volume % 18.6 (3.6) 23.1 (4.8)b 24.1 (4.2)a
Filtration surface density lm2/lm3 0.10 (0.01) 0.09 (0.01) 0.07 (0.01)a,c
GBM thickness nm 512 (137) 652 (113)a 648 (129)a
Foot process width nm 454 (24) 472 (51) 452 (21)
Filtration slit frequency # per mm GBM 1259 (107) 1184 (193) 1174 (99)
Epithelial cell number # per glomerulus 502 (109) 547 (150) 356 (69)a,e
Endocapillary cell number # per glomerulus 2294 (645) 4112 (1398)d,e 2544 (601)e
a P , 0.05, b 0.05 , P , 0.1 and d P , 0.002 vs. control
c P , 0.05 and e P , 0.001 vs. baseline
Glomerular morphometry processes changed over time in the incipient nephropa-
thy group. The foot process width in incipient nephropa-Differences in glomerular structure between the non-
thy was not significantly different from non-nephropathicnephropathic control and incipient nephropathy groups
values. The corresponding frequency of filtration slitsare summarized in the left and middle columns of Table
(1184 6 193 and 1174 6 99 slits per mm GBM length2. Subjects with incipient nephropathy had larger glo-
for the first and second biopsies) was not significantlymeruli at baseline as judged by a glomerular volume
different from non-nephropathic controls (1259 6 107of 7.81 6 2.35 versus 5.42 6 1.01 3 106 mm3 in non-
slits/mm GBM length). The most striking change notednephropathic controls (P 5 0.03). There was also a sig-
was a loss of glomerular cells with time. Whereas epithe-nificant increase in baseline GBM thickness (652 6 113
lial cell number per glomerulus in the baseline biopsyvs. 512 6 137 nm in controls, P 5 0.04). Fractional mesan-
was similar to non-nephropathic controls (547 6 150 vs.gial volume at baseline in the incipient nephropathy
502 6 109, respectively), epithelial cell number had de-failed narrowly to reach statistical significance versus
clined to only 356 6 69 by the time of the follow-upcontrols (P 5 0.06).
biopsy in the incipient nephropathy group (P 5 0.0005).After the passage of four years, glomerular structure
The numbers of mesangial and endothelial cells per glo-demonstrated several differences from both the non-
merulus both declined significantly between the baselinenephropathic controls and from the earlier findings ob-
and follow-up biopsies: mesangial cells, 3132 6 1200 toserved in the incipient nephropathy group at the baseline
1798 6 536 (P , 0.001), and endothelial cells, 980 6 324biopsy. The prevalence of global glomerulosclerosis dou-
to 746 6 200 (P 5 0.038). The combined number ofbled from the baseline value to 8.2 6 9.2% at the time
endocapillary cells (mesangial and endothelial) declinedof second biopsy. However, this increase did not achieve
significantly with time from 4112 6 1398 cells/glomerulusstatistical significance when compared with either base-
at baseline to 2544 6 601 at 48-months follow-upline or the corresponding non-nephropathic value of
(P , 0.001).2.5 6 3.5% (P 5 0.15). Average glomerular volume in
incipient nephropathy did not change between the two
Single nephron ultrafiltration coefficientexaminations. Nevertheless, the area density of the pe-
We computed the filtration surface area in open glo-ripheral capillary wall (that is, filtration surface density)
meruli of each individual from the product of the averagedeclined significantly from 0.09 6 0.01 to 0.07 6 0.01
glomerular volume and the filtration surface area den-mm2/mm3 (P 5 0.006); the latter value was also signifi-
sity. Filtration surface area was numerically, but not sig-cantly lower than the corresponding value of 0.10 6
nificantly, higher in incipient nephropathy at initial ex-0.01 mm2/mm3 in non-nephropathic controls (P 5 0.003).
amination than in non-nephropathic controls (6.96 6Fractional mesangial volume tended to increase slightly
2.53 vs. 5.22 6 1.48 3 105 mm2, respectively, P 5 0.14).between the two examinations, albeit not significantly.
With the passage of four years, in the incipient nephropa-Nevertheless, the decrease in filtration surface area den-
thy group, however, filtration surface area declined sig-sity was significantly correlated with the increase in frac-
nificantly below the baseline value to 5.51 6 1.62 3tional mesangial volume (r 5 0.675, P 5 0.016); thus,
105 mm2 (P 5 0.01; Fig. 1). Of note, the latter value wasmesangial expansion was associated with loss of filtration
still numerically larger than the control value (5.22 6surface area density. The perimesangial GBM surface
1.48 3 105 mm2) because of the effect of glomerular hyper-area density also declined with time from 0.038 6 0.009
trophy. We next used the structural model of Drumondto 0.033 6 0.007 mm2/mm3 (P 5 0.014).
Neither thickness of the GBM nor of epithelial foot and Deen [16] to compute the hydraulic permeability of
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Fig. 2. Change in glomerular filtration rate (GFR) between baseline
and follow-up GFR is plotted as a function of the corresponding change
in single nephron Kf (r 5 0.754; P , 0.005).
5.98 to 13.17 6 3.55 nL/(min · mm Hg), respectively (P 5
0.02).
The change between the baseline and follow-up GFR
was related strongly to the corresponding change in sin-
gle nephron Kf (r 5 0.754, P , 0.005; Fig. 2). A single
subject actually exhibited a 28% increase in GFR be-
tween the two examinations (Fig. 2). An almost identical
increase in Kf in this individual was attributable to an
Fig. 1. Computed values for filtration surface area (A), hydraulic per- increase in glomerular volume and, hence, filtration sur-
meability (B), and single nephron ultrafiltration coefficient (SN Kf ; C). face area. Multiple linear regression analysis was usedResults are shown as mean value 1 1 SD. *P , 0.05 vs. controls; †P ,
to examine possible relationships to changing GFR of0.05 vs. baseline.
alterations in the remaining quantities in Tables 1 and
2 that changed significantly between the examinations.
These included renal plasma flow, oncotic pressure, fil-
capillary walls in open glomeruli from GBM thickness tration surface density, and epithelial cell number. The
and the filtration slit frequency. The hydraulic perme- only variable that correlated significantly with the change
ability did not change between the first and second biops- in GFR by multivariate analysis was the change in single-
ies in incipient nephropathy, but was significantly lower nephron Kf. Among the remaining variables tested, only
on each occasion than in non-nephropathic controls the change in afferent oncotic pressure approached sig-
(2.18 6 0.33 and 2.18 6 0.20 vs. 2.50 6 0.32, respectively, nificance (P 5 0.07).
P 5 0.05 and 0.04, respectively; Fig. 1). Finally, we esti-
mated the value for single nephron Kf from the product
DISCUSSIONof hydraulic permeability and filtration surface area [20].
Because of the offsetting effects of a larger filtration Diabetes mellitus is characterized by initial glomerular
surface area and lower hydraulic permeability in incipi- hyperfiltration, followed in a substantial minority of pa-
ent nephropathy compared with controls, the single- tients by an inexorable, albeit variable, decline in GFR
nephron Kf did not differ significantly between the two associated with other manifestations of DN (for example,
groups at baseline. Single-nephron Kf declined signifi- albuminuria) and leading eventually to end-stage renal
cantly between the baseline and repeat biopsies in those failure. Understanding the mechanisms responsible for
this decline of GFR might aid in developing interven-with incipient nephropathy, however, falling from 16.51 6
Lemley et al: Incipient diabetic nephropathy1234
tions that could slow or prevent the progressive loss of clude a high prevalence of global glomerulosclerosis;
the resulting functional glomerulopenia limits the totalrenal function, ameliorating some of the burden on the
health care system presented by this common disorder. It surface area for filtration in the two kidneys [11, 24–26].
Also, limiting ultrafiltration capacity are alterations inwas the purpose of this study to examine the mechanisms
involved in changes in GFR early in the evolution of the epithelial cell layer, notably broadening of epithelial
foot processes with an ensuing reduction in filtration slitDN in Pima Indians with type 2 diabetes.
Factors influencing the rate of glomerular ultrafiltra- frequency [24–28]. The latter, along with a substantial
increase in GBM width, is predicted to lower hydrauliction may be broadly divided into functional ones (that
is, those affecting the forces underlying ultrafiltration) permeability [16, 20]. These two factors could contribute
to the progressive decline in GFR that attends overt DN.and structural ones (those affecting the resistance to flow
of ultrafiltrate). The functional determinants of GFR The effects of changes in filtration surface area are
somewhat more complex. Osterby et al have shown ainclude glomerular capillary hydraulic pressure, plasma
oncotic pressure, and the rate of renal plasma flow. With strong correlation between the absolute filtration surface
area per nephron and GFR [29]. Mauer and coworkersregard to these factors, the development of systemic
hypertension in animal models of diabetes has been asso- have also demonstrated a strong negative correlation
between the filtration surface area density and the mes-ciated with concomitant glomerular capillary hyperten-
sion [21, 22]. To the degree that the rise in systemic angial volume density [30]. However, probably because
of the effects of glomerular hypertrophy, the absolutepressures in our subjects was transmitted to the glomeru-
lus, progressive hypertension should have enhanced the value of the filtration surface area does not appear to
decline with increasing mesangial volume density [31].rate of glomerular filtration. Plasma oncotic pressure, on
the other hand, also tended to increase slightly with The aforementioned changes have been examined
predominantly in type 1 diabetic subjects manifestingtime in our patients with incipient DN. As an opposing
Starling force to fluid filtration, this would be expected overt DN. Less clear are the nature and extent of the
structural alterations that develop during the incipientto decrease GFR. Multivariate analysis, in fact, suggested
that this factor might have contributed to the fall in (microalbuminuric) stage of nephropathy. In microal-
buminuric subjects with type I diabetes, the GFR is ele-glomerular ultrafiltration. The cause of the small increase
in pA in our subjects is not apparent. Finally, although vated [3–5, 32]. One would therefore not expect pro-
nounced glomerulosclerosis or marked foot processboth renal plasma flow and GFR declined with time in
the patients with incipient DN, there was no univariate changes under these circumstances. Indeed, such alter-
ations are minimal or only inconsistently present in theor multivariate correlation between the changes in these
two variables. Furthermore, although renal plasma flow relatively small sample of microalbuminuric subjects who
have had quantitative studies of glomerular structure toand GFR in these patients approached values character-
istic of non-nephropathic diabetic controls over the date [23].
In our patients with type 2 diabetes and incipient ne-course of follow-up, we do not consider such changes
to represent functional normalization. The associated phropathy, although there was a doubling of the rate of
global glomerular sclerosis (4.0 6 5.0% to 8.2 6 9.2%),increase in the incidence of global glomerular sclerosis
and the fall in single-nephron Kf strongly suggest that this change did not reach statistical significance by paired
analysis. There was also no change with time in thethese changes represent instead the first stages of an
inexorable decline from an initially supranormal range structural determinants of glomerular capillary wall hy-
draulic permeability (GBM thickness and filtration slitof GFR through the normal range in the passage to
depressed function. frequency). We did find a decline in filtration surface
area density, owing to mesangial expansion. The effectQuantitative morphological studies suggest that diabe-
tes mellitus per se, whether type 1 or type 2, is associated of this change on ultrafiltration capacity, however, was
largely offset by glomerular hypertrophy. Thus, althoughwith alterations of glomerular structure and that this is
true even in the absence of pathological albuminuria. there was a significant decline in absolute filtration sur-
face area in the patients with incipient nephropathy, theAlterations described include glomerular hypertrophy
and an accumulation of extracellular matrix with an en- value of this quantity at the second biopsy still exceeded
that in the control group. Integrating the effects of localsuing expansion of the GBM and mesangium [6, 11, 23].
Each of the aforementioned structural changes increases hydraulic permeability of the capillary wall and filtration
surface area, we found that the single-nephron Kf inmarkedly after the onset of overt (macroalbuminuric)
nephropathy [11, 24, 25]. our patients declined by about 20% over the four-year
follow-up period. Despite this trend, the value of Kf atSeveral structural changes could affect the ultrafiltra-
tion capacity of the glomerulus. Most of the alterations the second biopsy was not significantly less than in the
control group.found in established DN would appear to diminish ultra-
filtration capacity, thereby lowering the GFR. These in- The accuracy of our estimates of the intrinsic hydraulic
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permeability of the glomerular capillary wall is limited [35, 36]. We also found that, although hyperfiltration
persists for up to five years after detection of microal-by the need to rely on several assumptions of the hydro-
dynamic model. Several of the necessary parameters are buminuria, the GFR does start to decline toward the
normal range toward the latter half of this period, at aextrapolated from studies in the rat [16]. However, with
regard to the correlation of changes in SNKf with changes time when half of our subjects had progressed to the
macroalbuminuric or overt stage of DN. Multivariatein GFR, these limitations should have little effect, inas-
much as there were no changes in the components analysis suggests a pivotal role for Kf depression in the
decline of GFR from elevated toward normal levels,needed for the calculation of the intrinsic hydraulic per-
meability between baseline and follow-up biopsies. The with increased plasma oncotic pressure perhaps playing a
subsidiary role. Declining filtration surface area betweenchanges in SNKf with time in the group with incipient
DN were caused entirely by changes in the surface area the two examinations, due to a significant reduction in
filtration surface density in the remnant glomeruli, ap-available for filtration, S. Although this parameter is
itself subject to measurement errors—based, for exam- pears to be the cause of the reduction in single-nephron
Kf. A trend to an increasing prevalence of global glo-ple, on inaccuracies in the estimate of the shrinkage
effect caused by immersion fixation—the decline in fil- merulosclerosis probably contributes to progressive
glomerulopenia [37].tration surface area in our patients was due to a decrease
in the filtration surface area density, SV, a stereologic Finally, there was a marked reduction in the number
and density of glomerular cells in the four years betweenvalue that is unaffected by errors caused by shrinkage
on the estimation of average glomerular volume. the two biopsies (Table 2). This is consistent with the
common finding of hypocellular glomeruli in subjectsEarlier interpretation of alterations in glomerular
morphology in type 2 diabetes mellitus has been con- with advanced stages of DN and diffuse or nodular glo-
merulosclerosis. We have previously observed a dispa-founded by varying patterns of glomerular injury found
in such populations [33, 34]. Only a minority of Cauca- rate trend toward increased endocapillary cellularity but
progressive podocytopenia in groups of Pima Indianssian subjects with type 2 diabetes and microalbuminuria
exhibit overt diabetic glomerulosclerosis by light micros- with worsening degrees of DN, from microalbuminuria
to overt but early DN [11]. This latter study was crosscopy. In the remaining cases, glomeruli exhibit a normal
appearance, suggesting that microalbuminuria often is sectional, however, and it is not possible with such a
study design to determine whether worsening nephropa-not associated with substantial alterations of glomerular
structure in the incipient stage of nephropathy in type thy was associated with a loss of podocytes, for example,
or whether those patients who at the onset of nephropa-2 diabetes [33, 34]. The present study confirms that mi-
croalbuminuria in type 2 diabetes is associated with the thy had a smaller complement of podocytes per glo-
merulus were more susceptible to progressive glomer-same nonspecific alterations reported in type 1 diabetes,
namely increased matrix accumulation in GBM and mes- ular injury. In addition, it is possible that a rather high
variability in glomerular cell numbers in these studiesangium with relative preservation of filtration surface
area owing to glomerular hypertrophy. Essentially, the obscured a trend toward endocapillary hypocellularity
in the cross-sectional study, which only became apparentsame alterations have also been reported in normoal-
buminuric Pima Indians with long-standing type 2 diabe- as a result of the paired design of the present study. The
latter finding will require confirmation in further studies.tes, suggesting that these findings are a consequence of
diabetes per se and are not necessarily related to albu- We speculate that loss of podocytes could eventually
lead to maladaptive changes in podocyte structure andminuria [11]. The present study suggests that the exag-
gerated hyperfiltration that accompanies early microal- function. In particular, we observed broadening of the
foot processes in subjects with overt nephropathy in ourbuminuria (Table 1) may be explained by a filtration
surface area that is substantially expanded, with an ensu- earlier study, a change that could represent a compensa-
tory phenomenon required for the declining number ofing elevation of computed single nephron Kf early in the
course of incipient nephropathy. epithelial cells to cover the underlying basement mem-
brane [11]. In that study, substantial foot process broad-The present study also provides novel insights into the
natural history of GFR changes during incipient ne- ening was associated with a GFR of 124 6 52 mL/min and
a marked reduction in computed hydraulic permeabilityphropathy of type 2 diabetes. We found evidence of
exaggerated hyperfiltration in the early years of incipient [11]. We note that the GFR of 155 mL/min at the time
of the second biopsy examination in the present study(microalbuminuric) nephropathy (186 6 41 vs. 159 6 48
mL/min in control diabetic Pima subjects). Because of is substantially higher than that of the macroalbuminuric
patients in our earlier study. In addition, half of thetheir relatively advanced age and frequently associated
renovascular disease, hyperfiltration has not been con- current patients had albuminuria that was still within the
microalbuminuric range. Thus, despite the substantialvincingly documented during the incipient stage of ne-
phropathy in Caucasian populations with type 2 diabetes reduction with time in podocyte number, the patients in
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factors associated with clinical progression. Kidney Int 48:1929–the present study seem to have less advanced disease
1935, 1995
than the previously studied subjects with macroalbumin- 7. Textor SC: Revascularization in atherosclerotic renal artery dis-
ease. Kidney Int 53:799–811, 1998uria. This may simply represent the limitations of accu-
8. Nelson RG, Kunzelman CL, Pettitt DJ, Saad MF, Bennett PH,racy in the stereological estimation of podocyte number.
Knowler WC: Albuminuria in type II (non-insulin-dependent)
Alternatively, there may be a threshold for the effects diabetes mellitus and impaired glucose tolerance in Pima Indians.
Diabetologia 32:870–876, 1989of decreased podocyte number on glomerular structure
9. Nelson RG, Bennett PH, Beck GJ, Tan MT, Knowler WC,and function, one that has not yet been crossed in our
Mitch WE, Hirschman GH, Myers BD, the Diabetic Renal
subjects with evolving incipient nephropathy in the pres- Disease Study Group: Development and course of renal disease
in non-insulin-dependent diabetes mellitus. N Engl J Med 335:ent study.
1636–1642, 1996It is not possible to extrapolate mechanisms with con- 10. Myers BD, Nelson RG, Blouch K, Bennett PH, Knower WC,
fidence from the initial trends toward a decline in GFR Ming T, Beck G, Mitch WE: Progression of overt nephropathy
in non-insulin-dependent diabetes. Kidney Int 47:1781–1789, 1995as described previously in this article in incipient DN all
11. Pagtalunan ME, Miller PL, Jumping-Eagle S, Nelson RG, My-the way to the development of end-stage renal failure. In ers BD, Rennke HG, Coplon NS, Sun L, Meyer TW: Podocyte
particular, the influence of progressive glomerulopenia loss and progressive glomerular injury in type II diabetes. J Clin
Invest 99:342–348, 1997caused by global glomerular sclerosis is likely to attain
12. Myers BD, Nelson RG, Williams GW, Bennett PH, Hardy SA,
greater importance as renal disease progresses [37]. In ad- Berg RL, Loon N, Knowler WC, Mitch WE: Glomerular function
in Pima Indians with non-insulin-dependent diabetes mellitus ofdition, the ability of glomerular hypertrophy to overcome
recent onset. J Clin Invest 88:524–530, 1991the effects of a progressive loss of filtration surface area
13. Lane PH, Steffes MW, Mauer SM: Estimation of glomerular: A
density must reach its limits at some point [11]. Finally, comparison of four methods. Kidney Int 41:1085–1089, 1992
14. Osterby R, Gundersen HJG: Fast accumulation of basementit is also probable that as the podocyte number falls, in-
membrane material and the rate of morphologic changes in acutecreasing deformity of the foot processes will result in pro-
experimental diabetic glomerular hypertrophy. Diabetologia 18:
gressive impairment of capillary wall hydraulic permeabil- 493–500, 1980
15. Jensen EB, Gundersen HJG, Osterby R: Determination of mem-ity [11, 20, 26], thereby accelerating the decline in GFR
brane thickness distribution from orthogonal intercepts. J Microsctoward levels associated with end-stage renal failure. 115:19–33, 1979
16. Drumond MC, Deen WM: Structural determinants of glomerular
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